ABSTRACT: A four-step synthesis of the antimalarial terpene cardamom peroxide, a 1,2-dioxepane-containing natural product, is reported from (−)-myrtenal and molecular oxygen. This highly concise route was guided by biosynthetic logic and enabled by an unusual manganese-catalyzed, tandem hydroperoxidation reaction. The absolute configuration of the cardamom peroxide is reported, and its mode of fragmentation following Fe(II)-mediated endoperoxide reduction is established. These studies reveal the generation of reactive intermediates distinct from previously studied endoperoxide natural products.
O rganic peroxides are pertinent to numerous facets of human health ranging from intermediates in lipid oxidation to potential treatments for cancer.
1 Notwithstanding debate over their mechanism(s) of action, 2 terpene-derived endoperoxides and derivatives thereof have proven exceptionally useful to combat malaria, a disease which affects several hundred million people annually (Figure 1a) . 3 Artemisinin combination therapy (ACT), which includes derivatives of the sesquiterpene lactone artemisinin (1), has remained a frontline treatment for chloroquine-resistant malaria for many years, yet reports of delayed parasite clearance in patients receiving ACTs are beginning to surface. 4 Undoubtedly, the search for promising new antimalarials will continue, and organic peroxides, which can generate numerous and diverse cytotoxic intermediates, 2c continue to receive much attention. However, the number of readily available peroxide-containing natural products, from which comprehensive medicinal chemistry efforts can be leveraged, remains quite limited and the economic constraints associated with small-molecule treatments for this disease requires the design and execution of exceedingly simple solutions if synthetic chemistry is to be employed. 5, 6 The cardamom peroxide (2), isolated by Clardy and co-workers 7 from Amomum krervanh Pierre (Siam cardamom), displays potent activity against P. falciparum (EC 50 = 170 nM) and possesses a 1,2-dioxepane motif distinct from the trioxane found in 1. While many peroxide-containing natural products have been isolated to date, only a very small subset contains these 7-membered peroxidic architectures. 8, 9 These attributes, combined with a complete lack of further biological investigation, unknown absolute configuration, and mysterious biosynthetic origins, make this terpene endoperoxide an attractive synthetic target and a valuable lead compound. We were drawn to hypothetical eq 1 (blue box, Figure 1b) , wherein inexpensive pinene (∼US$0.02/ gram) and multiple units of molecular oxygen serve as the sole building blocks of 2, as a blueprint for a simple synthesis of 2. Herein we report a four-step, enantiospecific synthesis of the cardamom peroxide adhering to this idea, determination of its absolute configuration, and elucidation of its mode of fragmentation following Fe(II)-mediated reductive activation.
The cardamom peroxide (2) appears to be a dimeric monoterpene, and this recognition offers simplification to the construction of its carbocyclic ring system. The origin of the plethora of oxygen atoms, especially the bridging 7-membered endoperoxide, however, remains mysterious, as the mechanism by which endoperoxides are incorporated onto terpene frame- works is, in many cases, not well understood. 10 We speculated that 2 might initially be formed in nature as diperoxide 3 ( Figure  1b ). This hypothesis hinted that: (i) two monoterpene units and three units of molecular oxygen are the building blocks of 2, (ii) the two carbonyl groups stem from the same molecule of oxygen, and (iii) the bridging endoperoxide is formed via a 7-endo cyclization of a peroxy radical (see 4→3).
11,12 While attractive on paper, the known preference of peroxy radicals to cyclize in a 6-exo manner was disconcerting as was the inability of Mayrargue and co-workers to forge a 1,2-dioxepane ring system via peroxy radical cyclization en route to 2 (Figure 1c ). 13, 14 Seeking to corroborate these ideas through synthesis, we began by preparing the dimeric C-20 carbon skeleton of 2, and the venerable McMurray coupling afforded C 2 -symmetric triene 5 in one step from inexpensive (−)-myrtenal (Scheme 1). Subjecting this sensitive material to singlet oxygen installed the first unit of molecular oxygen via a [4 + 2] 19, 20 we envisioned that if a chemo-and regioselective hydrometalation of the a−b bond in 8 could be achieved, postulated biosynthetic intermediate 4 might be generated in the presence of oxygen. While the conditions employed for such hydrofunctionalization reactions are quite mild, substrate 8 presents a unique challenge to this chemistry with regard to chemo-, regio-, and diastereoselectivity. Nevertheless, after extensive experimentation it was discovered that when a solution of PhSiH 3 was added slowly over 12 h to a cold (−10°C) and vigorously oxygenated DCM/i-PrOH solution of 8, Mn(dpm) 3 (20 mol %), and t-BuOOH (1.5 equiv), diperoxide , 12 h, then add PPh 3 (52% 2, 9% nopinone, 11% 9, 13% 10); DCM = dichloromethane, DME = 1,2-dimethoxyethane, THF = tetrahydrofuran, DBU = 1,8-Diazabicyclo [5.4 .0]undec-7-ene, DMP = Dess-Martin Periodinane, dpm = Tris(dipivaloylmethanato).
b Yield determined by GC. 3 was formed, and following addition of PPh 3 , the cardamom peroxide could be isolated in 52% yield as a single isomer. The structures of both 2 and the intermediate diperoxide 3 were confirmed by X-ray crystallography. The selectivity of this tandem hydroperoxidation process is quite remarkable: (i) addition of the putative manganese hydride occurs preferentially across the a−b bond in a chemo-and regioselective manner, (ii) the presumed manganese enolate reacts with oxygen diastereoselectively, (iii) the resulting peroxy radical undergoes 7-endo cyclization, (iv) the resulting radical is stereoselectively quenched with an additional molecule of oxygen from the exo-face of the newly formed ring system, and (v) the terminal peroxide is chemoselectively reduced. The chiral pinane-type rings subtly orchestrate much of the selectivity imparted to this complex process. Nonetheless, achieving synthetically useful yields of 2 required the evaluation and fine-tuning of numerous catalytic systems (Table 1) . While conditions employing Mn-(dpm) 3 18,19b,d,l quickly emerged as superior to other common metal hydride generating systems based on iron 19h,i,k and cobalt, 16,17 yields of 2 still remained modest (entries 1−5). Suspecting that premature reduction of peroxy radical 4 contributed to diminished yields of 2 and side product formation (i.e 9, 10, and nopinone), slow addition of the phenylsilane was employed and increased the yield of 2 to 41% (entry 6). Finally, the incorporation of t-BuOOH (1.5 equiv),
19c,e,f,l combined with slow PhSiH 3 addition, furnished synthetically useful and reproducible quantities of 2 (52% isolated yield, entry 7). Utilizing this four-step synthetic sequence, over half a gram of cardamom peroxide has been prepared to date. Interestingly synthetic 2 constructed from (−)-myrtenal exhibited [α] D = +123.2°(c = 0.005 g/mL, hexanes), reported [α] D = +111.35°( concentration not reported). Thus the absolute configuration of the monoterpene units that comprise 2 appear to be opposite to what was previously assumed on the basis of simple monoterpenes (i.e., myrtenol) of known absolute configuration isolated alongside 2 from Amomum krervanh Pierre. Fe(II)-mediated O−O bond reduction remains the hallmark of peroxide-based antimalarials, and a strong consensus exists that oxygen-centered radicals are initially formed. 21 These fleeting intermediates are then believed to lead to a variety of toxic, downstream species, including carbon-centered radicals, carbocations, and epoxides, which vary in structure and reactivity depending on the starting endoperoxides employed.
2c,21 With sufficient quantities of cardamom peroxide in hand, we sought to determine its mode of reductive cleavage (Figure 2) . Subjecting 2 to stoichiometric FeCl 2 in degassed MeCN/H 2 O at room temperature led to the formation of three isolable cleavage products identified as acids 11, 12, and 13 (the structures of 11 and 13 were verified by X-ray crystallography). Presumably the cardamom peroxide generates an acyl radical intermediate (15) via C−C cleavage of oxygen-centered radical 14. Oxidation of 15 by Fe(III) produces an acylium ion (16) which in this case is quenched by water to form 12. 22 The remaining hydroxyl groups then engage the 1,3-dicarbonyl motif in a cyclodehydration process affording 11 and small amounts of 13.
23
In conclusion, an enantiospecific synthesis of the complex cardamom peroxide (2), a 1,2-dioxepane-containing terpene and nanomolar inhibitor of P. falciparum, has been developed with a high level of efficiency. In addition to securing substantial quantities of 2, confirming its absolute configuration, and elucidating its mode of reductive cleavage, this work highlights an unusual example of large-ring endoperoxide synthesis via peroxyradical cyclization−a maneuver that could find use in the synthesis of other peroxide-containing natural products. Perhaps most importantly, however, by revealing the hidden symmetry elements present in 2, a blueprint for the synthesis of complex peroxide-containing compounds from simple, readily available building blocks and inexpensive reagents has been drawn. Efforts to expand on nature's collection of biologically active endoperoxides are underway and will be reported in due course.
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